Lysine methyltransferases (KMTs) were initially associated with transcriptional control through their methylation of histones and other nuclear proteins, but have since been found to regulate many other cellular activities. The apical complex lysine (K) methyltransferase (AKMT) of the human parasite Toxoplasma gondii was recently shown to play a critical role in regulating cellular motility. Here we report a 2.1-Å resolution crystal structure of the conserved and functional C-terminal portion (aa289-709) of T. gondii AKMT.
Introduction
Lysine methyltransferases (KMTs) were first found to be involved in transcriptional control through their methylation of nuclear proteins including histones and various transcription factors [1] [2] [3] . In recent years, the roles of KMTs in other cellular activities have started to emerge [4] [5] [6] [7] . A relatively new member of the family, the apical complex lysine (K) methyltransferase (AKMT) was found in the phylum Apicomplexa, which includes more than six thousand species of intracellular parasites [6, 8] . Many of these parasites pose serious health threats to humans. Plasmodium falciparum infections claim nearly half a million lives each year [9] . Another apicomplexan parasite, Toxoplasma gondii, permanently infects nearly 20% of the global population. Toxoplasma infections in immunocompromised individuals (e.g. organ transplant recipients or AIDS patients) have devastating consequences, including the development of lethal toxoplasmic encephalitis due to extensive cerebral lesions [10, 11] .
Similarly, maternally-transmitted T. gondii infection of unprotected fetuses leads to congenital toxoplasmosis [12] . To sustain an infection, the parasites need to regulate their motility appropriately in response to environmental changes to complete the lytic cycle, during which they actively invade a host cell, replicate, and disseminate by egress [11, [13] [14] [15] [16] .
Previously, we identified AKMT [for apical complex lysine (K) methyltransferase] as a key motility regulator which controls the transition from immotile to motile behavior in the lytic cycle of T. gondii [6] . In immotile intracellular parasites AKMT is localized to the cytoskeletal apical complex, a set of structures at the tip of the parasite that play an important role in host cell invasion [6, 17, 18] . An influx of Ca 2+ is the signal that normally activates parasite motility, and when cytoplasmic [Ca 2+ ] increases, AKMT disperses throughout the parasite in response [6] . The AKMT knockout (Δakmt) parasites generally fail to switch from the immotile to the motile state in response to this stimulus. This results in a dramatic delay in parasite dispersion during egress and a 10-fold decrease in (re)invasion efficiency, severely impairing the lytic cycle. The enzymatic activity of AKMT is important for its function in the parasite, as an enzymatically dead AKMT allele (H447V) does not complement the motility defect of the Δ akmt parasites. Although the native substrate(s) of AKMT are not yet known, cortical force measurement by laser trap analyses suggests that it might directly or indirectly regulate actin polymerization [19] .
AKMT contains a SET-domain, which is an evolutionarily conserved structural unit that was originally identified in Suppressor of variegation [Su(var) [3] [4] [5] [6] [7] [8] [9] , Enhancer of zeste [E(z)]
and Trithorax [20, 21] . Our previous phylogenetic analysis showed that AKMT orthologs form a clade close to, but distinct from, the SMYD (SET-and myeloid-Nervy-DEAF-1 (MYND)-domain) family of KMTs [22] . Importantly, while AKMT is found in all sequenced genomes of apicomplexans, there are no mammalian AKMT orthologs. This makes it a possible target for designing new, parasite-specific drugs.
In this study, we report a 2.1-Å resolution crystal structure of the structured C-terminal region of AKMT (aa289-709) without bound cofactors (apo form). The structure reveals a unique handshake-like dimer that is absent in any other SET-domain-containing KMTs, including the SMYD proteins -the nearest homologs of AKMT. Further, compared with those in the SMYD proteins, which methlylate unstructured short peptides, the putative substrate binding groove of AKMT is unusally wide, indicating that it might be capable of methylating large globular substrates. Dimerization of AKMT is mediated by a unique zinc-binding motif together with the C-terminal TPR (tetratricopeptide repeat)-like domain, which affects both co-factor binding and protein thermo stability. In vitro assays demonstrated that dimerization is important for the enzymatic activity of AKMT, while in vivo assays showed that dimerization is also required for efficient targeting to the apical complex and efficient activation of parasite motility. Taken together, our findings reveal a novel homodimeric SET domain-containing KMT that might have important implications in the evolution of a large group of parasites as well as KMTs.
Results

Overview of the crystal structure of T. gondii AKMT
The 80-kDa AKMT contains several distinct domains. Bioinformatics analyses suggested that most of the N-terminal part of the protein (aa1-300) is intrinsically disordered, while the C-terminal folded portion (aa301-709) contains four structural domains ( Fig. 1a;   Supplementary Fig. 1a ). Sequence alignment indicated that the C-terminal region is well conserved among apicomplexan species, whereas the N-terminal regions is highly variable (Supplementary Fig. 1b ). Limited proteolysis using various proteases (chymotrypsin, trypsin, thermolysin, etc.) on purified recombinant AKMT consistently generated a ~50-kDa protease-resistant core of only the C-terminal region (data not shown). This region thus appeared to constitute the structural and functional core of the protein and was made the focus of our structural studies.
A panel of N-terminally truncated AKMT constructs including aa289-709, aa295-709, and aa301-709 were expressed in bacteria. Purified recombinant proteins, both with and without reductive lysine methylation, were subjected to crystallization trials. The lysine methylated AKMT-ΔNTD (aa289-709) yielded crystals that diffracted X-rays to 2.1-Å resolution with space group P1 (a = 61.94 Å, b = 89.37 Å, c = 91.72 Å; α = 108.69°, β = 101.32°, γ = 103.41°). Structure was determined using the single-wavelength anomalous dispersion (SAD) method, exploiting the anomalous signal from the bound zinc ions in the protein. The final structure had a R work and R free of 19.1% and 22.6%, respectively ( Table 1) .
Consistent with a previous report [22] , AKMT-ΔNTD was revealed to contain a SET domain (aa290-486) followed by a post-SET motif (aa487-517), together with a TPR-like Cterminal domain (CTD, aa551-709). Interestingly, the structure additionally contained a threestranded antiparallel β -sheet (β10-12, aa518-550) between the post-SET motif and the TPRlike CTD (Fig. 1b) , which is absent in all other SET-domain-containing KMTs except for AKMT orthologs (Supplementary Fig. 1b ) and thus named the AKMT-specific insertion (ASI) motif ( Fig. 1a and b) . AKMT-ΔNTD consisted of eighteen α helices and thirteen β strands ( Supplementary Fig. 2 ), which were folded into two topologically distinct lobes (Fig.   1c ). The final 2Fo-Fc map overall had an excellent quality (Fig. 1d) , and the two bound zinc ions in the protein were well defined ( Fig. 1e) . Additionally, the methylated side chains of most lysine residues were resolvable ( Supplementary Fig. 3a and b ).
AKMT forms a homodimer
The refined structural model contained four molecules per asymmetric unit, consisting of residues aa289-707, aa292-709, aa289-708, and aa289-709, which were designated as chains A, B, C and D, respectively ( Fig. 2a) . Chains A and D also contained vector-derived residues "GSHM" and "M", respectively, at their N-termini. Fig. 3c ). The four molecules in the asymmetric unit of the crystal were virtually the same with root-mean-square deviation (RMSD) of ~0.2 Å for the Cα atoms, except for a small rigid-body shift of the N-terminal extensions between chains A/D and B/C, which is consistent with the pseudo-twofold axis related equivalence of the A-B and D-C dimers (Fig. 2b) .
The tetramer in the final model had four intermolecular dimeric interfaces of two types, with the A-B dimer being structurally equivalent to the D-C dimer, and the A-C dimer equivalent to the D-B dimer. The two types of dimeric interface were both pronounced and had similar buried surface areas (BSA) of ~1800 Å 2 and Gibbs free energy (Δ i G) of approximately -25 kcal/mol ( Supplementary Fig. 4) ; it was unclear whether either or both of these interfaces is physiologically relevant. To reveal the native oligomerization state of AKMT, we carried out static light scattering (SLS) analyses on both full-length AKMT and AKMT-ΔNTD. The results showed that both proteins formed homodimers (Fig. 2c , green and blue traces), suggesting that a dimeric conformation is the native state of AKMT. Therefore, only one of the two dimeric interfaces present in the tetrameric crystal structure is natively formed.
To determine which of the two dimeric interfaces (A-C/D-B or A-B/D-C) in the crystal structure represents the native conformation, we first disrupted the A-C/D-B dimer interface by deleting the N-terminal segment (i.e. α 1 and β 1) of the structure (designated as AKMT-Δ NTD-short, aa309-709) ( Fig. 2a , upper insert). The resulting protein formed a similar dimer to the wild-type (Fig 2c, magenta trace ), suggesting that this interface is not the native interdimer interface. Based on our analyses of the intermolecular interactions in the crystal structure using PDBePISA [23] , eight of the ten direct hydrogen bonds and all salt bridges in the A-B/D-C interface were mediated by the side chains of three charged residues (R521, R672, and D676) plus the polar residue N679 (Supplementary Fig. 4 ). We therefore mutated all these residues to alanine to try to disrupt the interaction between chains A and B ( Fig. 2a ,
The resulting mutant (designated as AKMT-ΔNTD-4A:
R521A/R672A/D676A/N679A) was found to become monomeric in SLS analyses, indicating that the A-B interface is indeed the native dimeric interface ( Fig. 2c , red trace). For convenience, the construct AKMT-ΔNTD-4A will be referred to as the monomeric mutant in this study.
To further verify the dimeric conformation of AKMT, we additionally assayed AKMT-Δ NTD in solution using small-angle X-ray scattering (SAXS). The results showed that the theoretical scattering of the A-B dimer was in excellent agreement with the experimental data (χ 2 = 1.59), whereas the simulated curve of the A-C dimer was not (χ 2 = 10.99) ( Fig. 2d) .
Furthermore, the A-B dimer fitted perfectly into the calculated ab initio model reconstructed from the SAXS data ( Fig. 2e) . Therefore, we concluded that AKMT forms a homodimer in its native state, and the dimerization is mediated by its C-terminal region. The N-terminally mediated dimerization in the crystal structure was likely an artifact caused by domain swapping during crystallization.
The dimeric interface of AKMT contains a unique zinc-binding motif
Both the post-SET and the ASI motifs in AKMT bound a zinc ion, and the zinc ion in each case was coordinated by a cluster of four cysteine residues, C449/C505/C507/C510 in the post-SET motif and C522/C525/C544/C547 in the ASI motif ( Fig. 3a and b) . Notably, one of the cysteine residues (C449) participating in zinc binding in the post-SET motif is located in the SET domain. The ASI motif is mostly buried at the A-B dimeric interface, and mutating these zinc-binding cysteine residues in the ASI made the protein insoluble (data not shown). This suggests that the ASI motif plays a critical role in maintaining the structural stability of AKMT.
A closer examination of the structure revealed that AKMT formed an "open hand"-like structure, with the ASI motif forming the "fingers", and the central and C-terminal parts of the TPR-like domain forming the "palm" and the "thumb", respectively ( Fig. 3c and d) . In the homodimer, the two hands were orientated in a handshake manner, with the "fingers" of one hand reaching the base of the "thumb" on the other and the two "palms" directly facing each other ( Fig. 3e) . The homodimer of AKMT was stabilized by more than twenty hydrogen bonds (directly or mediated by water molecules), two salt bridges, and many hydrophobic interactions ( Fig. 3f; Supplementary Fig. 4 ).
AKMT binds cofactor in submicromolar range
The lysine methyltransferase activity of AKMT has been previously tested in vitro using an artificial histone substrate and a 3 H-labeled cofactor, S-adenosyl-L-methionine (SAM) [6, 22] . These assays demonstrated that AKMT is an active lysine methyltransferase capable of binding SAM, which serves as a methyl group donor in the methylation reaction. AKMT-ΔNTD showed a similar affinity of K d = 0.63 μ M ( Fig. 4a) . AKMT-ΔNTD bound the cofactor analog sinefungin (SFG) with a higher affinity (K d = 0.26 μ M) ( Fig. 4a) , likely due to extra hydrogen bonds formed between the additional amide protons on SFG and surrounding residues of AKMT. To verify the results, multiple extra ITC measurements were performed for all above interactions as well as for the interaction between full-length AKMT and SFG, which show a consistent trend ( Supplementary Fig. 5 ).
The monomeric mutant AKMT-ΔNTD-4A bound SAM and SFG with K d values of 0.86 μ M and 0.71 μ M, respectively (Fig. 4b) . The mutant therefore showed modestly reduced cofactor binding affinity compared to AKMT-ΔNTD based on the measured K d values.
However, the N values for both mutant/cofactor interactions (N = 0.27 and 0.51 for interaction with SAM and SFG, respectively), which represent the molar ratio between the cofactor and the target protein, were much lower than those of the AKMT-ΔNTD (N = ~0.9).
This was probably because some molecules of the monomeric mutant in the ITC reaction chamber were unable to bind cofactors. The results were confirmed by additional independently performed ITC measurements ( Supplementary Fig. 5 ).
Comparison of the structure of AKMT with its structural homolog SMYD2 in complex with the cofactor SAM revealed a putative cofactor binding site in AKMT ( Supplementary   Fig. 6a and b ). In the AKMT structure we observed that the residue H447, which is highly conserved across the phylum Apicomplexa, not only forms a hydrogen bond via its side chain with the backbone amide proton of the neighboring residue Y481, which helps define the cofactor binding pocket, but is also in close proximity (3.4-4.3 Å) to the zinc-binding site in the ASI motif ( Fig. 4c) . Mutation of H447 to valine (H447V) would be predicted to disrupt its interaction with Y481, and thus perturb the structure around the putative cofactor binding site.
This analysis explains our previously published observation that the H447V mutant completely abolished the enzymatic activity and in vivo function of AKMT [6] . Such mutation possibly also destabilizes the nearby ASI motif that forms a part of the dimerization interface of AKMT.
The stoichiometry for SFG:AKMT-ΔNTD in the ITC experiment was approximately 0.9:1, indicating that both AKMT molecules in the homodimer are capable of binding cofactors. As an additional test, we carried out mass spectrometry (MS) experiments. The molecular mass of AKMT-ΔNTD measured at a denaturing condition was in excellent agreement with the theoretical molecular weight calculated based on the primary sequence ( Fig. 4d) . Further MS analyses of SFG-bound AKMT-ΔNTD at native state showed that the majority of the protein was a dimer loaded with two SFG molecules plus four zinc ions ( Fig.   4e ). Subsequent tests for collision-induced dissociation of ligand from native SFG-bound AKMT-ΔNTD, which were analyzed by tandem mass spectrometry, revealed that increasing trap collision energy (CE) led to dissociation of SFG from the dimer, but affected neither the stability of the dimer nor its binding to zinc ions ( Fig. 4f) . Additionally we performed MS analyses on AKMT-ΔNTD-4A mutant in the apo state. MS results under denaturing conditions verified the mutant by a perfectly matched molecular mass ( Fig. 4g) , whereas native MS data confirmed the monomeric state of the mutant with two stably bound zinc ions ( Fig. 4h ).
Dimerization of AKMT is important for maintaining its thermostability
The lower molecular ratio (i.e. N values) and less stable cofactor binding of the monomeric mutant compared to the AKMT-ΔNTD protein suggested that the mutant is possibly misfolded and/or structurally unstable. To test these possibilities, we first carried out circular dichroism (CD) analysis for rapid determination of the folding properties of the purified proteins [24] . The results showed similar curves for the wild-type and the monomeric mutant, suggesting that the mutant is folded similarly to the wild-type ( Fig. 4i) .
We further checked the stability of the monomeric mutant by differential scanning fluorimetry (DSF), a technique that generates a melting curve for a target protein by monitoring the increase in the fluorescence of a dye binding to accessible hydrophobic portions of the protein while the protein gradually unfolds in increasing temperature [25] . The results showed that wild-type AKMT-ΔNTD had a similar melting temperature (Tm) to the full-length AKMT (46°C vs 45°C), but the monomeric mutant had a drastically reduced Tm (38°C) compared to the wild-type protein (Fig. 4j) . These results demonstrated that disruption of the dimerization interface renders the protein structurally less stable.
Dimerization of AKMT is important for its function in vitro and in vivo
To test the effects of dimerization on the in vitro methylation activity, we compared the activities of the AKMT-ΔNTD and AKMT-ΔNTD-4A recombinant proteins in methylation reactions (Fig. 5a) . to the test tube. The difference between the two truncations was pronounced in all enzyme concentrations tested, which shows that AKMT-ΔNTD-4A is less active than AKMT-ΔNTD as a methyltransferase.
To test the effects of the dimerization-blocking mutations in vivo, we transiently expressed in ∆ akmt parasites full-length AKMT-4A and AKMT-WT proteins with a fused eGFP tag at the N-terminus, to assess the localization and complementation efficacy of these alleles without long-term selection in a population ( Fig. 5b-d) . We found that, in intracellular parasites, the eGFP-AKMT-4A has a significantly more prominent cytoplasmic pool than eGFP-AKMT-WT (P <0.001, Table 2 and Fig. 5b ), suggesting that dimerization is important for efficiently targeting AKMT to the apical complex. Upon the addition of the calcium ionophore A23187, both eGFP-AKMT-WT and eGFP-AKMT-4A relocate from the apical complex ( Fig. 5b) . However, eGFP-AKMT-4A expressing parasites displayed a slower egress response to the A23187 stimulus than those expressing eGFP-AKMT-WT. As previously reported [6] , the untransfected ∆ akmt parasites had severe defects in A23187- ≈ 0.14, non-significance (n.s.)] ( Fig. 5c ). For those parasites that did egress, the ones expressing eGFP-AKMT-4A egressed with a marked delay compared with the ones expressing eGFP-AKMT-WT (Fig. 5d ). The median length of time for the parasites to respond to the addition of A23187 to egress was ~244 seconds for eGFP-AKMT-WT expressors, and ~353 seconds for eGFP-AKMT-4A expressors, respectively (P ≈ 0.014). These results indicated that AKMT-4A is functionally compromised in vivo.
AKMT is a unique homodimeric lysine methyltransferase
SET domains have been found in over a thousand proteins of diverse functions in organisms ranging from viruses to mammals [26] . Most SET domain-containing KMTs exist as monomers, but there are exceptions. Previous biochemical studies have demonstrated the self-association of two SET domains in human ALL-1 and in Drosophila TRITHORAX and ASH1 proteins [27] . Crystal structure of the viral SET (vSET) protein from the Paramecium bursaria chlorella virus, which has explicit methyltransferase activity for host histone H3 lysine 27, displayed a side-by-side homodimer [28] (Fig. 6a) . The dimer was believed to be similar to that formed by the TRITHORAX and Ash1 proteins on the basis of the conserved interface residues among them [29] . However, in contrast to these dimeric KMTs, the dimerization of AKMT is distinct in several aspects. Firstly, the SET domain in AKMT is not involved in its dimeric interaction. Secondly, unlike the side-by-side arrangement in vSET, the dimerization of AKMT is via a C-and C-terminal (C-C) interaction mediated by the unique ASI motif together with the superhelical TPR-like CTD ( Fig. 6b) . Thirdly, the dimer of AKMT is structurally much more stable than that in the vSET structure, as indicated by the doubled BSA and the dramatically lower Δ i G in the AKMT dimer ( Fig. 6c ).
Besides AKMT, there are many other unrelated proteins that also form homodimers via diverse interactions between two identical TPR or TPR-like domains. For examples, the anaphase-promoting complex/cyclosome (APC/C) subunit Cut9 from Schizosaccharomyces pombe forms an N-and N-terminal (N-N) intertwined dimer [30] ( Supplementary Fig. 7a ), the light chain of the mammalian microtubule motor kinesin-1 forms a C-C dimer [31] ( Supplementary Fig. 7b ), and the superhelical TPR domain of human O-linked GlcNAc transferase forms a middle-to-middle (M-M) dimer [32] ( Supplementary Fig. 7c ). However, the dimerization of AKMT is clearly different from all these reported TPR-mediated homodimers. Firstly, the TPR-like domain in the AKMT dimer is fully engaged to allow maximal interaction along the two conformationally complementary surfaces ( Fig. 6d) , unlike other TPR dimers mentioned above that are formed via the interaction of only parts of the two involved TPR domains (Supplementary Fig. 7a-c) . Secondly, besides the TPR-like domain, the unique ASI motif is also heavily involved in the dimerization of AKMT. In fact, the two ASI motifs in the AKMT dimer not only provide a similar buried surface area to that of the TPR-like domains ( Fig. 6c and d) , but also contribute most of the hydrogen bonds and salt bridges between the two molecules in the complex (Supplementary Fig. 4 ). Deletion of the ASI motif would render the AKMT dimer significantly less stable ( Fig. 6c and d) . Therefore, AKMT is a unique homodimeric KMT that is stably maintained via an extensive network of interacting residues provided by both the ASI motif and the TPR-like domain.
Structural comparison of AKMT with SMYD proteins
Previous phylogenetic analysis indicated that the AKMT and SMYD families branched off from a common node of SET domain-containing methyltransferases during evolution [22] . In the crystal structure, we found that AKMT shares an overall similar domain arrangement to SMYD proteins, including an N-terminal SET domain, a post-SET cysteine cluster, and a C-terminal TPR-like domain (Fig. 7a) . In fact, many parts of AKMT,
accounting for approximately 50% of the sequence in the crystal structure reported here, are very similar to the corresponding regions in SMYD proteins ( Supplementary Fig. 8 ). Using the flexible alignment mode of the RAPIDO server [33] , which is a tool for rapid alignment of protein structures in the presence of domain movements, the RMSDs of the locally aligned rigid bodies between AKMT and SMYD proteins were found to be approximately 1.08-1.34 Å ( Supplementary Fig. 8a ), which are nearly as good as those among different SMYD proteins that share much higher sequence identities with one another (30-35%) than with AKMT (~18%). Superposition of the corresponding rigid bodies between AKMT and SMYD3 showed clear similarities of the structures (Supplementary Fig. 8b-h) .
Despite the high degree of local alignment with the SMYD proteins, AKMT has a number of unique structural features, which is consistent with a clear divergence between these two subfamilies after the speciation of the apicomplexan parasites [22] . First of all, the unique zinc-binding ASI motif in AKMT is not found in any SMYD proteins ( Fig. 7a,   Supplementary Fig. 1b ). Secondly, AKMT and orthologs do not have the signature MYND (Myeloid-Nervy-DEAF1) domain of SMYD proteins, which is a zinc finger motif embedded in the SET domain and located at the tip of the N-terminal lobe to gauge the entrance to the groove between the N-and C-terminal lobes (Fig. 7b) . Previous studies suggested that the MYND domain serves as a protein-protein interaction module mainly in the context of transcriptional regulation [34, 35] . Lack of a MYND domain in AKMT might correlate with its specific function outside the nucleus [6] .
Thirdly, the groove between the N-and C-terminal lobes in AKMT is considerably wider than that in all known SMYD structures, due to both the larger distance between its SET and TPR-like domains and the absence of MYND domain from its N-terminal lobe (Fig.  7b ). The grooves in SMYD1-3 were proposed to accommodate their U-shaped substrates of various sizes [36] . the one in AKMT is irregularly folded and tilts towards the N-terminal SET domain ( Fig. 7d) .
Sequence alignments show that the "stirring" loop in AKMT is not only 4-5 residues shorter than those in SMYD1-3 but also highly conserved in all AKMT orthologs ( Fig. 7e ),
suggesting that the loop might play a unique and important role in AKMT function, such as to regulate the docking and/or selection of the so-far-unknown substrates. The difference of the putative substrate binding groove in AKMT and those in SMYD proteins is better viewed in the superimposed structures ( Fig. 7f) .
Finally, AKMT forms a distinct dimer that has not been seen in any SMYD proteins.
This can be explained by the difference in the structural features at the C-terminal end of the proteins (Fig. 8) . SMYD1-3 do not appear to possess the necessary features that are compatible for dimer formation. While the surface area at the C-terminal end of the AKMT structure is largely hydrophobic (Fig. 8a) , the corresponding regions in the structures of SMYD1-3 are covered mostly by charged residues (Fig. 8b-d) . Further, the buried interfaces on the two subunits of the AKMT dimer are also spatially and electrostatically complementary with each other, whereas those in SMYD1-3 structures do not support the docking of one molecule on top of the other to form a C-to C-terminal dimer as that of AKMT.
Discussion
In this work we describe our structural and biochemical characterizations of T. gondii
AKMT. We discovered that the protein contains a number of structural features that are wellconserved among AKMT orthologs, but not found in other KMT families. In particular, the putative substrate binding groove between the N-and C-terminal lobes in AKMT is much wider than that in any known SMYD structures. Such a difference might reflect the need to accommodate different types of substrates. SMYD proteins regulate chromatin remodeling mainly by methylating histone lysines H3K4 (SMYD1-3) [37] and H3K36 (SMYD2) [38] , both of which are located in the structurally disordered N-terminal tail of H3. It has been
shown that SMYD proteins also methylate a number of non-histone targets, such as p53 [39] , retinoblastoma tumor suppressor RB1 [40] , MAP3K2 kinase [41] , as well as vascular endothelial growth factor receptor-1 [42] . Similar to H3, targeted lysines in these non-histone proteins are positioned in either unstructured regions or extended loops. The disordered nature of targeted regions in these substrates allow them to accommodate a compact U-shaped structure to fit into the narrow substrate binding site between the N-and C-terminal lobes in the SMYD proteins [43] [44] [45] .
In contrast, mass spectroscopy analysis of Xenopus laevis histone H3.3 methylated by AKMT in vitro revealed an unusual methylation site, K123, which is located at the C-terminal end of a 10-Å long α -helix right in the core of the folded structure [6] . This finding implies that in order to get access to residue K123 in H3.3, AKMT has to accommodate the α -helix containing it or even the whole folded structure into its substrate-binding site. It was recently reported that AKMT is required for recruiting a motility-relevant protein (the glideosomeassociated connector, GAC) to the apical localization, and depletion of AKMT led to the disappearance of several large proteins in a western blot using α -H4K20Me3 antibodies to detect methylated lysine residues [46] . The identities of these high molecular weight proteins and whether they are true AKMT substrates are still yet to be determined. Nevertheless, it is conceivable that the wide-open groove leading to the putative substrate binding site in AKMT might be necessary for AKMT to accommodate either a large substrate or its subdomains (up to 30 Å in diameter), or several substrates with various sizes and shapes, in which case a wider groove would provide more flexibility for AKMT to target different substrates.
In order to stabilize such an open conformation, AKMT seems to have evolved to adopt a homodimeric conformation. Disrupting the dimerization reduces the thermostability of the protein, and dropped the Tm by ~8°C ( Fig. 4j) . AKMT dimerization might also cooperatively regulate cofactor and/or substrate binding to affect enzymatic activity. Indeed, our ITC data demonstrate that, while the wild-type and the mutant AKMT bind cofactors with affinities at the same order of magnitude, the monomeric mutant (AKMT-ΔNTD-4A) did show consistently lower binding affinity for SFG than the dimeric truncation (AKMT-ΔNTD) (Fig   4b) .
Consistent with the biophysical measurements, our in vitro enzymatic activity assays, as well as in vivo egress rescue tests, revealed that the mutant with an impaired dimerization interface (i.e. mutant AKMT-4A) is less active than the wild-type and results in delayed egress ( Fig. 5) . It is worth noting that while a delay in egress does not significantly impact the parasite survival under the lenient culture conditions in the laboratory, in an animal host, this delay may render the parasite vulnerable to the attack from the immune system and can be lethal to the parasite. For instance, the loss of perforin (a pore-forming protein secreted by the parasite during egress to disrupt the membrane of the parasitophorous vacuole) delays parasite egress, but does not have any apparent impact on parasite growth in tissue culture [47] . However, it completely abolishes parasite virulence in mouse infections.
While the AKMT-4A mutant displays defects in vivo and in vitro, it is not a null mutant. This is possibly because the R521A/R672A/D676A/N679A mutations only partially disrupt the dimerization of AKMT, as the AKMT-ΔNTD dimer is maintained by a large number of other interactions besides the hydrogen bonds and salt bridges disrupted in the monomeric mutant ( Fig. 3e) . Indeed, size exclusion chromatography (SEC) analyses of AKMT-ΔNTD-4A showed that a small fraction of the protein eluted as dimers at >10 mg/ml (data not shown). The ab initio shape reconstructed with SAXS data for AKMT-ΔNTD-4A at a similar concentration in a batch measurement displayed an elongated "tail" connected to the spherical envelope that is comparable to the AKMT monomer ( Supplementary Fig. 9a) , while the SEC-SAXS data did not show such extra "tail" in the ab initio model (Supplementary Fig.   9b ). It suggests that while the majority of AKMT-ΔNTD-4A protein forms monomers, a small fraction could form dimers, or else there is a quick exchange between monomer and dimer at an elevated concentration. Furthermore, as mentioned above, mutations of any of the four conserved cysteine residues in the ASI motif resulted in insoluble proteins, possibly due to the deleterious effect caused by the complete disruption of the dimeric interaction. These observations suggest that the 4A mutant probably only partially disrupts the dimeric conformation of AKMT. However, we also cannot exclude the possibility that the monomeric form of AKMT is partially active.
Besides the folded region of AKMT that has been extensively discussed above,
AKMT additionally contains a structurally disordered N-terminal region (aa1-290) ( Supplementary Fig. 1a and b) . Such an unstructured segment does not exist in any of the closely related SMYD proteins from animals. Previous studies on different AKMT truncations demonstrated that the N-terminal region makes only minor contributions to the specific cellular localization or the enzymatic activity of the protein [22] . Nevertheless, given that there are so many negative charges spreading throughout the N-terminal sequence (31% of aa1-290 in TgAKMT are D or E) ( Supplementary Fig. 1b) , the unstructured N-terminal region of AKMT may play subtle regulatory roles in fine-tuning the function of the enzyme, which needs to be addressed in future studies.
The protein sequences for the distinct structural features of TgAKMT are highly conserved among the apicomplexans and their free-living relatives, but not found in animals. 
Materials and methods
Cloning and site-directed mutagenesis
Sequence encoding full-length T. gondii AKMT (TGGT1_216080) was amplified from cDNA using PCR and ligated into the pET15b vector (Novagen) between NdeI and BamHI sites at the 5' and 3' ends, respectively. The plasmid when expressed provides an Nterminal His 6 tag followed by a thrombin cleavage site prior to the target protein. All truncations of AKMT were subsequently generated in a similar manner using the precloned full-length AKMT construct as the PCR template. The AKMT-ΔNTD fragment was amplified using 5'-gcagctgcatatggccaaccccttagctccatac-3' (forward) and 5'gaccggatcctcaactggccggtaggcg-3' (reverse) primers and ligated into pET15b to produce pET15b-His6-AKMT-∆NTD (aa289-709). The AKMT-ΔNTD-short insert was generated using the same reverse primer and the forward primer 5'gcagctgcatatggtgccaggcaaggggcgatg-3' and ligated into pET15b to produce pET15b-His6-AKMT-∆NTD-short (aa309-709). The AKMT-ΔNTD-4A mutant was generated in two steps.
First, three mutations R672A/D676A/N679A were introduced by Megaprimer PCRs [48] .
Forward primer 5'-ctgaacgtgatatctgcacactttgaggccgcgtatgctcttctgtac-3' and reverse primer 5'gaccggatcctcaactggccggtaggcg-3' were used for generating the 142-bp megaprimer that was subsequently elongated in a second PCR with the same primers used for AKMT-ΔNTD amplification. In the second step, the fourth mutation, R521A, was introduced using a sitedirected mutagenesis protocol (forward primer: 5'-caacgcccgagggtttgcatgccctctgtgtg-3', reverse primer: 5'-cacacagagggcatgcaaaccctcgggcgttg-3') to generate pET15b-His6-AKMT-∆ NTD-4A (aa289-709, R512A/R672A/D676A/N679A). All mutations were verified by DNA sequencing.
The plasmid pmin-eGFP-AKMT-4A was constructed using NEBuilder HiFi DNA assembly kit (NEB cat# E5520S) with the following three components: (1) the pmin-eGFP vector backbone released from pmin-eGFP-AKMT (aa1-300) [22] by BglII-AflII digestion;
(2) PCR product that contained AKMT (aa1-298) sequence and appropriate overlapping [49] .
Crystallization and data collection
Initial trials to crystallize all the three AKMT truncations (aa289-709, aa296-709, and aa301-709) did not yield any crystals. In order to facilitate the crystallization process we carried out reductive lysine methylation on the purified proteins using a published protocol [50] . One of the truncations (aa289-709, denoted as AKMT-∆NTD) with methylated surface lysine residues was successfully crystallized using the hanging drop vapor diffusion method 
Structure determination and analyses
Diffraction data were integrated and scaled using XDS [51] . Phases were determined de novo using the single-wavelength anomalous dispersion (SAD) technique based on the anomalous signal from the zinc atoms bound to AKMT. In total, eight zinc ions were located and initial experimental maps were calculated using AutoSol in the software suite Phenix [52] . A preliminary structural model was built using AutoBuild, and the resulting model was optimized by multiple rounds of manual rebuilding in COOT [53] and refinement in Phenix [52] . The final model was validated in MolProbity [54] .
Detailed analysis of intermolecular interfaces was performed using PISA software [23] . Structural alignment of AKMT with SMYD1-3 proteins was done by the RAPIDO server [33] .
Static light scattering (SLS)
SLS measurements were carried out by coupling SEC with mass determination. 50 (Wyatt Technology Corp., Santa Barbara, CA). Data analyses were carried out using ASTRA software provided by the manufacturer. Final curves were built in SigmaPlot [55] .
Circular dichroism (CD)
Far-UV CD spectra of AKMT-∆NTD and AKMT-∆NTD-4A between 180 and 280 nm were measured on a Chirascan plus CD spectrometer (Applied Photophysics) in a cuvette with a 0.5-mm path length. Proteins were diluted to approximately 0.2 mg/ml using a buffer containing 10 mM Tris-HCl (pH 8.0) and 100 mM NaF. Data points were corrected for buffer signal and drifts. CD curves were generated using SigmaPlot by averaging data collected from two scans for each protein sample.
Differential scanning fluorimetry (DSF)
DSF measurements were performed on a CFX Connect Real-Time PCR machine (Biorad). Proteins were diluted to 0.4 mg/ml using a buffer containing 10 mM Tris-HCl pH 8.0
and 100 mM NaCl. To prepare for the measurements, 24 μ l of the protein sample was mixed with 1 μ l of 20 × SYBR orange dye (ThermoFisher Scientific). Each sample was prepared and measured in duplicates, and the two measurements were averaged to produce the final curve.
Melting temperature (T m ) values were obtained using the software provided by the manufacturer.
Isothermal titration calorimetry (ITC)
ITC measurements were performed on a MicroCal TM iTC200 microcalorimeter (GE 
Denaturing liquid chromatography-mass spectrometry (LC-MS)
The purified sample of AKMT-ΔNTD at 1mg/ml was reduced by incubating with 100 mM dithiothreitol (30 min, RT). HPLC was performed on a Dionex Ultimate 3000 HPLC system configured with the Chromeleon 6.0 software (both Thermo Fisher Scientific). The protein sample was applied on an Aeris Widepore C4 column and run at a flow rate of 300 μ l/min using a 6-min step gradient with increasing acetonitrile (ACN) concentration from 9 to 36% (w/v) in 5 min, and then from 36 to 63% (w/v) in 1 min at 50°C. (v/v) glycerol. SAXS data frames were recorded every second during the chromatography run. The data were processed in PRIMUS [56] . Fifty buffer frames selected after the protein elution peak were averaged and used for buffer subtraction from 100 averaged protein frames from the peak region where R g value was determined to be stable. The program GNOM [57] was used to plot the pair distribution function and to determine the D max value of the protein from the scattering profile. An ab initio model of the AKMTΔNTD dimer was reconstructed by running 10 cycles of dummy beads model building and simulated annealing implemented in DAMMIF [58] . The most probable models were selected and averaged in DAMAVER [59] . Superposition of the ab initio model with the crystal structure was performed by SUPCOMB [60] . SAXS curves for A-B and A-C dimers of the AKMT-ΔNTD were calculated and fitted to the experimental data using CRYSOL [61] .
Protein lysine methyltransferase (PKMT) assay
The PKMT assay was performed as described previously [6] with the following modifications. For activity assays with recombinant wild-type and mutant AKMT truncations Hyclone) as previously described [62, 63] . T. gondii transfections were carried out as previously described [64] .
Egress assay
Plasmids of pmin-eGFP-AKMT-4A or pmin-eGFP-AKMT-WT [6] were used to transfect ∆ akmt parasites as previously described [6] . . 5c and Fig. 5d were calculated by unpaired and one-tailed Student's t-test.
Quantification of AKMT distribution:
To quantify the difference in the distribution of eGFP-AKMT-WT and eGFP-AKMT-4A, image stacks of vacuoles with 8 or fewer parasites collected prior to A23187 treatment in the above egress assays were used (17 vacuoles for eGFP-AKMT-4A expressing parasites and 19
vacuoles for eGFP-AKMT-WT expressing parasites). Images were analyzed in a double-blind test. Pre-processing consisted of first correcting image intensities for non-uniform illumination by 'flat-fielding' (i.e. dividing each image by the image of a uniformly fluorescent specimen that had been normalized to 1.0 at its peak), and in addition the region for analysis was restricted to the portion of the image where illumination was at least 85% of its maximum. Next, the nominal exposure time for each image was adjusted to compensate for differences in actual illumination intensity during each individual image acquisition, as recorded by photosensor hardware and software built in to the DeltaVision system. Each image was then divided by its adjusted exposure time to yield normalized intensities in units of grey-levels/sec. Single optical sections at optimal focus were used for analysis, drawn from 3D stacks of 6-10 z-slices.
Each apical complex was marked with a cursor on a screen display of the image, after which its exact x,y,z, location was found by searching within a small x-y neighborhood of the cursor mark, through all z-planes. Intensity within a circular ROI with diameter twice the size of the PSF (N.A 1.4 objective lens, 520 nm) was summed and corrected for local background.
Total fluorescence within the parasite was measured by summing the intensities within a manually specified elliptical ROI that enclosed the entire parasite, including the apical complex, and then correcting this sum for local background. From this total, the previously measured apical complex value was subtracted to yield the fluorescence in the cytoplasm only. If daughters were present, their apical complexes were measured as above, and their summed intensity was also subtracted from the total parasite fluorescence.
The ratio of the apical complex and cytoplasmic fluorescence is then computed as a measure of relative distribution of AKMT in eGFP-AKMT-4A and eGFP-AKMT-WT expressing parasites. Data points within 4 standard deviations of the median were used to compute the pvalue by unpaired and one-tailed Student's t-test ( Table 2) . TgAKMT PfAKMT PbAKMT Cvel_24570 Vbra_6361 cgd4_2090 GNI_081020 
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